Khanna P, Yunkunis T, Muddana HS, Peng HH, August A, Dong C. p38 MAP kinase is necessary for melanoma-mediated regulation of VE-cadherin disassembly. Am J Physiol Cell Physiol 298: C1140 -C1150, 2010. First published February 24, 2010 doi:10.1152/ajpcell.00242.2009.-Vascular endothelial (VE)-cadherin is localized to the endothelial borders and the adherens junctions, which are regulated by changes in mitogen-activated protein (MAP) kinases, GTPases, and intracellular calcium. We previously showed that melanoma cells induce VE-cadherin disassembly through contact with human umbilical vein endothelial cells in coculture. However, the exact mechanism by which melanoma cells signal endothelial cells to induce VE-cadherin junction disassembly is not well understood. In this study, VE-cadherin junction disassembly was further examined under fluorescence microscopy. We found that melanoma-induced VE-cadherin junction disassembly and upregulation of p38 MAP kinase in endothelial cells is regulated by both soluble factors from melanomas, particularly interleukin (IL)-8, IL-6, and IL-1␤, and through vascular cell adhesion molecule-1. Neutralizing melanoma-secreted soluble factors reduced endothelial gap formation. Endothelial cells transfected with MAP kinase kinase 6, a direct activator of p38 MAP kinase, increased VE-cadherin-mediated gap formation, facilitating melanoma transendothelial migration. In contrast, endothelial cells transfected with small-interfering RNA against p38 MAP kinase expression largely prevented melanoma transendothelial migration in Boyden chamber experiments. These findings indicate that p38 MAP kinase proteins regulate VE-cadherin junction disassembly, facilitating melanoma migration across endothelial cells.
Previous studies show that disassembly of VE-cadherin homodimers is mediated by adhesion events (15, 37) .
High expression levels of ␣ 4 ␤ 1 -integrin associated with highly metastatic melanoma cells is correlated with a marked increase in melanoma extravasation through endothelial layers (8, 11, 27) . Although previous studies have focused on the effects of ␣ 4 ␤ 1 and vascular cell adhesion molecule-1 (VCAM-1) interactions on metastasis and adhesion of melanoma cells to the endothelium (10, 22, 24, 38) , we have found that these adhesion events lead to the disassembly of VEcadherin, which facilitates melanoma transendothelial migration (12, 20) . However, melanoma cells themselves secrete large amounts of soluble proteins, including interleukin (IL)-8, IL-6, IL-1␤, and growth-regulated oncogene (Gro)-␣. Melanoma cells with high metastatic potentials have been shown to secrete higher amounts of IL-8 (19, 28) . Further studies showed that melanoma cells overexpressing and secreting higher levels of IL-8 show an increase in penetration of matrigel filters and that secretion of IL-8 can occur within 5 min in endothelial cells and platelets (14, 31, 35) . These results were further supported by in vivo studies showing an overall decrease in tumorigenicity and metastasis when mice lacking CXCR2 (the receptor for IL-8) were injected with melanoma cells (28) .
It is well established that p38 mitogen-activated protein (MAP) kinase activation plays a key role in the initial breakdown of VE-cadherin junctions to facilitate cell migration through the endothelium (18, 34) . Van Wetering and colleagues (36) have shown that the VCAM-1 receptor on the endothelium induces intercellular gap formation through the Rho-like GTPase Rac1 signaling that results in activation of p38 MAP kinase proteins further downstream of Rac. However, in these studies, human umbilical vein endothelial cells (HUVECs) were prestimulateds with 10 ng/ml of IL-1␤ for 30 min before stimulation with anti-VCAM-1 antibodies, and the study focused on leukocyte transendothelial migration. The question remains as to whether melanoma cells trigger VEcadherin disassembly primarily through cell-cell contact-mediated events or through soluble protein-receptor events. Furthermore, could these tumor-induced events modulate specific intracellular pathways in the endothelium leading to disassembly of VE-cadherin homodimers?
Previously, we have shown that adhesion of sialyl-Lewis x/a -negative melanoma cells to the endothelium is regulated by ␣ 4 ␤ 1 /VCAM-1 interactions under low shear flow conditions (12) . It is therefore possible that melanoma-facilitated breakdown of VE-cadherin occurs through similar mechanisms as seen in leukocytes (15, 17) .
Inhibition of phospholipase C (PLC) in endothelium was previously shown to decrease melanoma cell-induced VE-cadherin disassembly, indicating the importance of intracellular calcium pathways (20) . However, it was also found that inhibiting phosphatidylinositol 3-kinase in HUVECs did not alter the breakdown of cadherin junctions when contacting melanoma cells (20) . In light of these studies, we postulated that, while activation of these signaling molecules plays some role in facilitating melanoma metastasis, other downstream signaling molecules might play a more significant role in tumor-specific regulation of VE-cadherin junctions. Previous work has shown that VCAM-1/␣ 4 ␤ 1 interaction induced phosphorylation of p38 MAP kinase and VE-cadherin disassembly (1) . We found that inhibiting p38 MAP kinase reduces VE-cadherin disassembly and subsequently decreases melanoma cell extravasation. The effects of inhibiting p38 using SB-220025 (a potent p38 inhibitor) on VE-cadherin disassembly and transendothelial migration was studied using immunofluorescence and Boyden chamber experiments. We found that soluble proteins, including IL-8, IL-6, IL-1␤, and Gro-␣ released from melanoma cells, and VCAM-1/␣ 4 ␤ 1 interactions, regulate p38 MAP kinase pathways, which in turn regulate VE-cadherin junctions.
METHODS

Cells.
HUVECs were obtained from American Type Culture Collection (ATCC) (Manassas, VA) and maintained in F12-K medium with 10% FBS, 30 g/ml of endothelial cell growth supplement, 50 g/ml heparin (Mallinckrodt Baker), and 100 U/ml of penicillinstreptomycin (Biofluids). The Lu1205 melanoma cell line (kindly provided by Dr. Gavin P. Robertson, Pennsylvania State Hershey Medical Center, Hershey, PA) and A2058 cells (obtained from ATCC) were maintained in Dulbecco's modified Eagle's medium (DMEM; GIBCO) supplemented with 10% FBS and 100 U/ml of penicillin-streptomycin. WM35 melanoma cells (provided by Dr. Meenhard Herlyn, Wistar Institute, Philadelphia, PA) were maintained in Roswell Memorial Park Institute (RPMI) supplemented with 10% FBS and 100 U/ml of penicillin-streptomycin. All cells were maintained in a humidified incubator at 37°C and 5% CO 2. Metastatic potentials were qualitatively assessed based on the listed references (Table 1) .
Tumor conditioned medium. Tumor cells (WM35, A2058, and Lu1205) were cultured in 75-cm 2 flasks under growth conditions described above to 90 -95% confluency, after which medium was aspirated and replaced with fresh 5 ml of RPMI (for WM35 cells) or DMEM (for A2058 and Lu1205 cells) with 2% FBS. The medium was then removed after a 24-h period of chosen tumor cell culture and centrifuged in 50-ml conical tubes at 1,500 rpm at 4°C for 5 min to remove any remaining cells.
Antibody neutralization and p38 inhibitor studies. Before experiments, HUVECs were maintained in F-12K medium with 2% FBS without additional supplements mentioned above for 12 h at 37°C and 5% CO 2. All experiments were carried out in F-12K medium with 2% FBS without additional supplements to ensure that signaling was not influenced by additional growth factors. For some studies, HUVEC monolayers were stimulated with anti-VCAM-1/F(ab) 2 cross-linking antibodies (30 g/ml). For studies where antibodies were used to neutralize cytokines, A2058 melanoma cells were incubated with either anti-IL-8 (15 ng/ml), anti-IL-6 (6 ng/ml), anti-IL-1␤ (0.1 ng/ml), or a combination of these antibodies for 30 min. A2058 melanoma cells with antibodies were then put in contact coculture with HUVECs for either 10, 45, or 90 min. VE-cadherin staining and assessment of gap formation were assessed as detailed elsewhere.
Before experiments, HUVECs were maintained in F-12K medium with 2% FBS without additional supplements mentioned above for 12 h at 37°C and 5% CO2. All experiments were carried out in F-12K medium with 2% FBS without additional supplements to ensure that signaling was not influenced by additional growth factors. For inhibitor studies, HUVECs were treated with 1 M concentration of 5-(2-amino-4-pyrimidinyl)-4-(4-fluorophenyl)-1-(4-piperidinyl)imidazole (SB-220025) (Calbiochem; Gibbstown, NJ) for 30 min after which the inhibitor was washed out with F-12K medium containing 2% FBS, and then the HUVEC monolayer was stimulated by tumor conditioned medium (TCM), soluble recombinant proteins, or contact or noncontact coculture with melanoma cells.
Contact and noncontact coculture. Before experiments, HUVECs were seeded on no. 1 cover slips and maintained in F-12K medium with 2% FBS without additional supplements mentioned above for 12 h at 37°C and 5% CO2. All experiments were carried out in F-12K medium with 2% FBS without additional supplements to ensure that signaling was not influenced by additional growth factors. For most experiments with contact coculture, 0.9 million melanoma cells were directly added to 0.3 million HUVECs on cover slips, and nonbound tumor cells were removed before staining (unless other concentrations are specified in the legends for Figs. 1-7 ). For noncontact coculture, 0.3 ϫ 10 6 HUVECs were seeded on cover slips, and 0.9 ϫ 10 6 A2058 melanoma cells were added to a Transwell insert (0.3-m pore size) for 10, 45, and 90 min. Following coculture, Transwell inserts were removed, and VE-cadherin gap formation was assessed using fluorescence imaging.
Fluorescence imaging and analysis. Before experiments, 25-mm cover slips were washed with PBS and then coated with fibronectin (1 g/ml) and incubated at room temperature overnight under sterile conditions. Equal amounts of HUVECs were then grown to 95-99% confluency and in some cases treated with SB-220025 (a potent p38 MAP kinase inhibitor) for 30 min. HUVECs were cocultured with TCM, recombinant proteins, or A2058 melanoma cells in the presence or absence of SB-220025. Cells were then washed two times with PBS and fixed with 5% formaldehyde in PBS for 10 min. Following fixation, cover slips were washed two times with PBS, and cells were permeabilized with 0.3% Triton X-100 in PBS with 5% calf serum (CS) and 2% goat serum (GS). Cover slips were then incubated for 1 h and washed two times with PBS/CS/GS. Finally, each of the cover slips was incubated with either VE-cadherin, p38, or phospho-p38 antibody in 0.3% Triton X-100/PBS/CS/GS (dilution of 10:1,000) overnight at 4°C. Cover slips were then washed with PBS/5% CS/2% GS and treated with Alexa Fluor 488/520 goat anti-mouse IgG antibody (dilution of 1:1,000). The cover slips were then incubated at room temperature in the dark for 1 h and rinsed with PBS/5% CS/2% GS three times. To label the F-actin cytoskeleton, HUVECs were incubated with phalloidin conjugated with Alexa 546 in PBS/5% CS/2% GS (1:10 dilution) for 20 min at room temperature and rinsed with PBS/5% CS/2% GS three times before imaging under a Nikon fluorescence microscope. For each experimental condition, one cover slip was viewed under a ϫ100 objective, and a series of six images was taken of randomized fields of view. Each image was then analyzed using Image J software version 1.32 (23) .
Analysis of gaps and disruption of VE-cadherin. Disruption of VE-cadherin was identified from analysis of discontinuity of green fluorescence at VE-cadherin junctions between HUVECs. Gap area within disrupted VE-cadherin junctions was determined from six images (Fig. 1, C-H) . Gap area was quantified as the ratio of pixels within all the gaps and the total number of pixels in one image (26, 30) . The average percent endothelial gaps was calculated from six images and plotted as a function of time as shown in RESULTS. Small-interfering RNA targeting p38␣,␤. Small-interfering RNA (siRNA, 100 pmol) was introduced into 1.0 ϫ 10 6 HUVECs using Dharmafect transfection reagent. Transfection efficiency was assessed using Western blot analysis as described below. HUVECs that were 80% confluent were transfected and assayed after 24 -48 h. On-target pool siRNAs targeting p38 MAP kinase-␣ and p38 MAP kinase-␤ (Dharmacon, Lafayette, CO) were used for these studies along with nontargeting siRNAs (scrambled case). For a positive control, all stars siRNA targeting ␤-actin were used (Quiagen, Valencia, CA).
Western blots. Equal amounts of whole cell lysates of HUVECs were prepared, and each condition was resuspended in cold lysis buffer [1 M Tris·HCl (pH 7.4), 5 M sodium chloride, 500 mM EDTA (pH 8.0), 1 M sodium vanadate, 1 M sodium fluoride, 1 M sodium pyrophosphate, 1.0% Nonidet P-40, 1.0 mM phenylmethylsulfonyl fluoride, 1% pepstatin, and phosphatase inhibitor] and incubated in ice for 30 min. Following incubation, cell lysates were centrifuged at 14,000 g for 5 min, and the supernatant was mixed with 1 M dithiothreitol and SDS buffer (4% SDS, 20% glycerol, 0.2% bromphenol blue, and 100 mM Tris base). Each well was loaded with an equivalent amount (3 g/l) of cell lysate. Western blot analysis on the samples was conducted following procedures previously described (20) . Briefly, protein was transferred onto a 0.2-m nitrocellulose membrane (Millipore, Billerica, MA). All Western blots were probed with primary antibodies against p38 MAP kinase (Cell Signaling Technologies), phosphorylated p38 MAP kinase (Cell Signaling Technologies), or ␤-actin (Santa Cruz Biotechnologies). All blots were reprobed with ␤-actin (Cell Signaling Technologies) to ensure equal loading during transfer of proteins. For all experiments, Western blots were scanned and quantified using Image J software. In experiments measuring p38 phosphorylation, HUVECs were cultured in normal medium or medium with 2% FBS without endothelial growth factors 12 h before experiments.
Enzyme-linked immunosorbent assay. TCM collected from a 24-h culture of the respective tumor cell (WM35, A2058, and Lu1205) were stored at Ϫ20°C until enzyme-linked immunosorbent assay (ELISA) for individual cytokines was performed at the Pennsylvania State University General Clinical Research Center. Each 48-well plate was coated with the appropriate mouse anti-human capture antibody diluted in 0.1 M NaHCO3 (pH 8.2) at a final concentration of 2 g/ml. The plates were incubated overnight at 4°C. The next day, each plate was washed three times in phosphate buffer solution containing 20% Tween 20 (PBS-T) and blocked for 2 h at room temperature using PBS with 1% BSA. Samples and standards were added at 100 l/well and incubated overnight at 4°C. After washing plates with PBS-T, wells were incubated for 2 h at room temperature in detection antibody (concentration: 5 g/ml). Each plate was washed with PBS-T and then conjugated with streptavidin peroxidase (concentration: 1 g/ml) for 30 min at room temperature. Finally, each plate was subject to colorimetric analysis after incubating the plate at room temperature for 60 -90 min in 2,2=-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid (Sigma Aldrich) substrate with 30% hydrogen peroxide. The plates were read at a wavelength of 405-415 nm using a microtiter plate reader.
Transfection with cDNAs. Flag MAP kinase kinase (MKK) 6(glu) (Addgene plasmid 13518) and red fluorescent protein (mRFP; Addgene plasmid 13032) plasmid was kindly provided by Dr. Roger Davis and Dr. Doug Golenbock (University of Massachusetts Medical School, Worcester, MA). Clones were selected with ampicillin, and plasmid was extracted using a Qiagen Maxi Kit as per the manufacturer's instructions. Following DNA purification, transfection complexes were formed by adding 3 g of MKK6(glu) and mRFP DNA to 25 l of virofect reagent and 15 l of targefect reagent (Targeting Systems, San Diego, CA). Transfection complexes were added to each well of HUVECs seeded on microslides in 1 ml of F12-K medium with 10% FBS. HUVEC responses were assayed using fluorescence microscopy and analysis 24 -48 h posttransfection using Image J software. HUVECs were tested for MKK6(glu)/ mRFP expression using Western blot analysis as described in previous sections.
Static cell migration assay. For the static cell migration study, HUVECs were grown to confluency on fibronectin-coated polyvinylpyrrolidone-free polycarbonate filters (8 m pore size; Neuroprobe). The wells on the bottom plate of the chamber were filled with HUVEC media with 2% FBS, and the middle 12 wells were filled with collagen type IV (concentration: 100 g/ml in RPMI with 1% BSA) to act as a chemoattractant to melanoma cells (5, 29, 40) . The filter was loaded on the top of the wells on the bottom chamber with HUVECs seeded on the opposite side, and then a top plate was screwed tightly to the static migration chamber. Melanoma cells were then loaded in wells on the top plate of the migration chamber in the middle 12 wells. After incubation at room temperature for 4 h, the number of melanoma cells migrating through the endothelial layer on the bottom of the filter was counted by staining the cells with Protocol Brand Hema 3 solution (Fisher Scientific) and counting stained cells using a inverted microscope (Diaphot 330; Nikon) with Image J software (23) .
Statistical analysis. Standard deviations for the percentage of endothelial gaps in all microscopic fields of view and Western blots represent three separate experiments that were performed in triplicate. Levels of significance of all experimental values were determined using a Student's t-test (Sigma Plot 8.0).
RESULTS
Melanoma cells induce VE-cadherin junction disassembly through cytokine and VCAM-1-mediated events.
Fluorescence imaging of HUVECs stained for VE-cadherin showed disruption of VE-cadherin junctions when cocultured with A2058 melanoma cells over 10, 45, and 90 min (Fig. 1) . The breakdown of VE-cadherin was evident through the discontinuity of the green fluorescent line labeling the VE-cadherin junctions (Fig. 1, C , E, and G, arrows) compared with intact VE-cadherin junctions in the case of HUVECs cultured in control medium (Fig. 1, A and B) . The corresponding brightfield images (Fig. 1,  D, F, and H) show that the A2058 melanoma cells were located within the sites of gap formation labeled in Fig. 1, C, E , and G. These results show that highly metastatic melanoma cells induce breakdown of VE-cadherin junctions.
To (Fig. 1I) , the degree of gap formation increased dramatically when HUVECs were in contact with A2058 cells at either 1:2 or 1:3 ratios. These results show that endothelial gap formation increases linearly with the concentration of melanoma cells.
To determine if VE-cadherin disassembly was primarily mediated by soluble factor or receptor/ligand binding signals, HUVECs were brought in contact with TCM or melanoma cells with increasing metastatic potential for 45 min. Melanoma cells with increased metastatic potential, or TCM from those cells, showed a significant increase in ability to induce gap formation, indicating an increase in VE-cadherin disassembly (Fig. 1J) . However, because TCM does not truly represent the "local concentration" of cytokines at the interface between tumor cells and endothelial cells, we used Transwell inserts to coculture HUVECs and A2058 melanoma cells to determine whether soluble proteins would still induce gap formation. While noncontact coculture of HUVECs and A2058 melanoma cells induces more gap formation compared with HUVECs alone (Fig. 2A) , the degree of gap formation is higher when HUVECs are stimulated with TCM (Fig. 2C) . Also, HUVECs stimulated with anti-VCAM-1 showed a significant increase in gap formation (Fig. 2B ) similar to that seen in the presence of TCM. However, neither anti-VCAM-1 nor TCM induced the same degree of endothelial gaps as A2058 cells in coculture with HUVECs (Fig. 2C) .
Because both anti-VCAM-1 and TCM induced a gradual increase in the percentage of endothelial gap formation over time (Fig. 3A) , we determined how gap sizes were regulated. In the case of TCM, the degree of VE-cadherin disassembly and gap sizes increased gradually to Ͼ100,000 pixels or a 10-m diameter by the 90-min time point (Fig. 3B) . Figure 3C shows that anti-VCAM-1 induced larger gaps (sizes of 100,000 pixels or more) after 10 min, after which the number of large and small gaps decreased, indicating a decrease in VE-cadherin disassembly or closure of these gaps. These results suggest that VCAM-1 induces a transient VE-cadherin disassembly, while soluble proteins show a prolonged effect, thus enlarging existing gaps to allow the passage of melanoma cells, where the number of gaps after 90 min (Fig. 3D) .
Secretion of IL-8 and IL-1␤ by A2058 melanoma regulates VE-cadherin junction disassembly. Cytokines present within TCM secreted by melanoma cells over 24 h were analyzed using a Raybiotech cytokine screen (data not shown). We found that several cytokines were secreted by melanoma cell types at high concentrations, including IL-8, IL-6, IL-1␤, and Gro-␣. These cytokines were further quantified using ELISA (Table 2 ). Clearly, highly metastatic melanoma cells (e.g., Lu1205) produce higher concentrations of these soluble cytokines compared with those of lesser metastatic potential (e.g., WM35). Stimulating HUVECs with recombinant forms of individual cytokines (at the same concentrations as that in A2058 TCM; see Table 2 ) showed little increase in the percentage of gap area (Fig. 4A) . Combining cytokines in TCM, specifically IL-8 and IL-1␤ only had additive effects on VE-cadherin disassembly rather than being synergistic (Fig. 4, B and C) . Because concentrations of cytokines in TCM are simply the bulk concentrations, HUVECs in direct contact with melanoma cells may sense much higher or lower local concentrations of cytokines within the cell-cell contact region than that found in TCM. We therefore specifically addressed whether IL-8 or IL-1␤ is involved in this response by neutralizing these cytokines secreted from melanoma cells during coculture with HUVECs. Neutralization of either IL-8 or IL-1␤ decreased VE-cadherin disassembly; however, the endothelial gaps were still comparable to that induced by anti-VCAM-1, and there are still more gaps compared with HUVECs alone (Fig. 4, D and   E) . However, simultaneous neutralization of IL-8 and IL-1␤ reduced the breakdown of VE-cadherin junctions (Fig. 4E) . These results show the importance of these cytokines in melanoma-induced VE-cadherin disassembly in the presence of VCAM-1 interactions. Furthermore, using neutralization antibodies, we confirmed that IL-8 and IL-1␤ both play significant roles in the breakdown of VE-cadherin junctions.
Soluble protein and anti-VCAM-1 regulate p38 MAP kinase phosphorylation. To determine whether the degree of VEcadherin disassembly correlated with phosphorylation of p38 MAP kinase, soluble proteins from A2058 melanoma (TCM) were used to stimulate HUVECs for 10, 45, and 90 min.
Lysates were subjected to SDS-PAGE to determine the levels of p38 phosphorylation. Stimulation of HUVECs with A2058 melanoma TCM upregulated p38 phosphorylation for up to 90 min (Fig. 5, A and B) . On the other hand, stimulation of the HUVECs with anti-VCAM-1 upregulated p38 phosphorylation for 10 min before decreasing at 45 and 90 min (Fig. 5, C and  D) . Because neutralizing IL-8 and IL-1␤ decreased the degree of VE-cadherin disassembly, we tested whether neutralizing IL-8 and IL-1␤ affected p38 phosphorylation (Fig. 5, E and F) . Neutralizing IL-8 and IL-1␤ did reduce p38 phosphorylation; however, this does not completely reject the possible involve- ment of other soluble proteins in this process. Because p38 phosphorylation varied when HUVECs were in the presence of TCM and anti-VCAM-1, we examined the spatial distribution of phosphorylated p38 to determine whether this is regulated during endothelial retraction. Imaging HUVECs before and after exposure to TCM or tumor necrosis factor (TNF)-␣ showed that total p38 was localized primarily in the cytosol, similar to that seen with HUVECs alone (Fig. 5, G-I) . However, phosphorylated p38 was localized to the nucleus of endothelial cells with small amounts present in the cytosol in the case of HUVECs alone, most likely at the cytoskeleton or endothelial junctions (Fig.  5J) . Increased localization of phosphorylated p38 within the nucleus was observed when HUVECs were in contact with TCM or TNF-␣ (Fig. 5, K and L) . These results suggest that p38 may not regulate VE-cadherin junctions directly, but rather through interactions with other proteins.
Because p38 MAP kinase activated in HUVECs via melanoma produced soluble mediators as well as anti-VCAM-1, we next determined whether constitutively active p38 would affect VE-cadherin disassembly. Transfection of MKK6 (an upstream activator of p38 MAP kinase) that leads to constitutively active p38 induced a high degree of gaps between endothelial cells compared with transfection of HUVECs with RFP alone (Fig. 6, A and B) .
We further tested whether inhibiting p38 would affect the homotypic contacts formed by VE-cadherin. HUVECs pretreated with a potent p38 inhibitor (SB-220025) for 30 min and cocultured with A2058 melanoma cells showed significant decreases in gap formation compared with the control case (Fig. 6C) .
p38 facilitates melanoma extravasation likely through the cytoskeleton. The functional role of p38 in endothelial cells during melanoma extravasation was also examined using siRNA approaches. siRNA-mediated knockdown of p38 (and thus phosphorylated p38) in HUVECs was confirmed using Western blotting (Fig. 7A) . When p38 expression was knocked down, melanoma transendothelial migration after 4 h decreased significantly compared with the control (Fig. 7, B-D) . In the controls, HUVECs did not migrate through the polycarbonate filters toward collagen IV (Fig. 7B) . Melanoma extravasation through HUVECs decreased to nearly 40% when p38 was knocked out, compared with 98% of melanoma cells when p38 expression was at normal levels (Fig. 7E) . These results show that p38 is not only important in the regulation of VE-cadherin junctions but also in overall tumor extravasation.
DISCUSSION
The interaction of bloodborne tumor cells with endothelial cells is a key step in facilitating melanoma metastasis (4, 30) . However, research on drug therapies to treat such cancers has focused on single cell studies without considering the effects of tumor interactions with normal cell physiology. In these studies, A2058 melanoma cells were used to study VE-cadherin disassembly, since they are characterized by highly invasive capabilities and secrete high levels of soluble proteins, including growth factors and moderate levels of IL-8, IL-6, IL-1␤, and Gro-␣, and serve as an ideal system in studying metastasis (13, 21, 33) . Lu1205 cells have even higher metastatic potential than A2058 or WM35 cells and secrete higher levels of IL-8, IL-6, IL-1␤, and Gro-␣, whereas WM35 cells exhibit the lowest metastatic potential and secrete the lowest levels of these cytokines (20, 33) . Melanoma cells induce an increase in endothelial gap formation with increasing tumor cell concentration. In addition, melanoma cells with higher metastatic capabilities induce larger-sized gap areas that increase over time, corresponding to a higher degree of VE-cadherin disassembly. For instance, HUVECs in contact with Lu1205 cells for 10 -45 min form gaps of average sizes of ϳ100,000 pixels, whereas WM35 cells induce the formation of smaller gaps with an average size of ϳ1,000 pixels. We show that anti-VCAM-1 initially induces the breakdown of VE-cadherin gap formation, with an increase in the number of gaps with a size of 100,000 pixels or greater after 10 min. However, after 45 and 90 min, there is a decrease in the number of larger gaps (Ͼ100,000 pixels), which shows that the gaps formed by anti-VCAM-1 are closing after 10 min. On the other hand, the release of soluble cytokines, including IL-8 and IL-1␤, prolongs the time over which gaps remain open, which correlates with greater VE-cadherin disassembly. This phenomenon is shown by the gradual increase in the number of large gaps (size of 100,000 pixels or greater) over 90 min. The changes in the number of gaps correlate with phosphorylation of p38 MAP kinase where greater phosphorylation levels of p38 correlate with an increase in the number of gaps.
In this study, we focused on the specific soluble proteins that regulate disassembly of VE-cadherin homodimers to facilitate melanoma metastasis, since Transwell experiments confirmed that local concentrations of soluble proteins induce some disassembly of VE-cadherin, although not as much as TCM. In vivo studies have shown that VE-cadherin junction breakdown is an important event during melanoma metastasis (7, 25) .
These results show that the injection of nude mice with BV13 (anti-VE-cadherin antibody, which induces VE-cadherin disassembly) results in a fourfold increase in tumor metastasis and an increase in overall permeability of the endothelial layer (25) . While these studies have focused on the in vivo aspects of VE-cadherin roles, our present in vitro studies provide the first evidence that shows the importance of soluble cytokines released from melanoma in regulating VE-cadherin junctions. In particular, we found IL-8 and IL-1␤ play a prominent role in soluble-mediated breakdown of VE-cadherin junctions. These results are consistent with previous in vivo studies that show that CXCR2 Ϫ/Ϫ nude mice injected with melanoma cells result in a decrease in melanoma metastasis (28) . Furthermore, we used TCM to show that soluble proteins alone are capable of facilitating the breakdown of these junctions showing that melanoma metastasis is not primarily mediated by adhesion events but rather that both VCAM-1 and soluble proteins control the temporal disassembly of VE-cadherin. We further tested whether adhesion events were capable of inducing the phosphorylation of p38 MAP kinase proteins by stimulating the HUVEC layer with anti-VCAM-1 functional antibodies. Previous studies have shown that the ␤ 1 -subunit of ␣ 4 ␤ 1 mediates binding to its ligand, VCAM-1 (2, 12) . Furthermore, studies with A2058 melanoma cells have shown a dramatic decrease in invasiveness, adhesion, and migration of melanoma when the ␤ 1 -subunit of ␣ 3 ␤ 1 -integrin of A2058 melanoma is blocked using functional antibodies (16) . These results indicate the importance of ␣ 4 ␤ 1 and VCAM-1 interactions in aggressive forms of melanoma metastasis (16) . Our results show that VCAM-1 on endothelial cells induce the transient phosphorylation of p38 correlating with dramatic but early formation of large gaps (sizes of 100,000 pixels or more) in HUVECs. A size of 100,000 pixels corresponds to the size of A2058 and Lu1205 melanoma cells, which are ϳ14 m in diameter.
It is well known that p38 MAP kinase is regulated by IL-1␤ (42); furthermore, we have found that neutralizing IL-1␤ greatly reduces tumor-induced endothelial gap formation. Previous studies have found that IL-8 triggers a rise in intracellular calcium mediated by PLC (39) . Our previous findings have found that inhibiting PLC greatly reduces tumor-induced endothelial gap formation (20) . In the present studies, we therefore focused primarily on the importance of IL-8 and IL-1␤ in VE-cadherin disassembly; however, our results warrant further studies as to the exact role of IL-6 and Gro-␣ in melanoma metastasis, since these cytokines are upregulated during coculture of melanoma cells and HUVECs. Because the stimulation of HUVECs with TCM increased breakdown of endothelial junctions over a period of 45-90 min while anti-VCAM-1 only induced significant breakdown of VE-cadherin for short periods of time, secretion of soluble proteins induces larger gaps in the endothelium so that more metastatic melanoma cells may rapidly transmigrate between the endothelial cells before they are dislodged from the endothelium under physiological flow.
We investigated the effects of soluble proteins on endothelial signaling by elucidating the molecular events that regulate VE-cadherin junctions. Previous studies (34) have shown that the activation of Src kinases and VE-cadherin-mediated disassembly are required for the process of transendothelial migration in colon carcinoma (30) . In particular, endothelial transmigration mediated by p38 MAP kinase cannot take place without phosphorylation-mediated formation of stress fibers of myosin light chains, in concert (34) . The molecular mechanisms by which melanoma and colon cancer induce metastasis could be via similar signaling events. Consistent with previous findings (34), we find that inhibiting p38 MAP kinase decreases the degree of phosphorylation of VE-cadherin (data not shown). Because the phosphorylation state of VE-cadherin regulates the disassembly and assembly of these junctions, p38 MAP kinase must play a major role in regulation of the endothelial barrier (1). The importance of p38 MAP kinase in melanoma metastasis is strengthened by our studies where knock down of p38 MAP kinase in HUVECs resulted in a 60% decrease in melanoma migration through the HUVEC layer compared with the control case. Our results provide the first evidence that p38 MAP kinase activation plays a predominant role in overall endothelial permeability and tumor extravasation. Furthermore, we find that melanoma-produced soluble proteins dramatically affect the degree of p38 phosphorylation and VE-cadherin disassembly in HUVECs. Interestingly enough, neutralizing both IL-8 and IL-1␤ or IL-6 and IL-1␤ decreases p38 phosphorylation and VE-cadherin disassembly while melanoma cells contact HUVECs, suggesting the importance of these cytokines in breakdown of the endothelial barrier. In agreement with this conclusion, patients with highly aggressive melanomas have a marked increase in the secretion of IL-8, IL-6, and IL-1␤ (32, 41) . Although IL-1␤ is normally secreted by white blood cells, a higher amount of IL-8, IL-6, and IL-1␤ is secreted by melanomas when in coculture with neutrophils (21) . However, the role of these cytokines in tumor extravasation has yet to be elucidated. We have shown the importance of soluble proteins in p38 MAP kinase activation and that neutralizing these cytokines leads to a dramatic decrease in disassembly of VE-cadherin. However, because neutralization of IL-8, IL-6, and IL-1␤ did not completely abolish p38 phosphorylation, there may be other growth factors or cytokines released from melanoma that are capable of activating p38. In conclusion, our results support a role for cytokines and VCAM-1 binding in regulating p38 MAP kinase phosphorylation and the breakdown of VE-cadherin junctions.
